We report computed cross sections for the elastic scattering of slow electrons by the pyrimidine bases of DNA, thymine and cytosine, and by the associated nucleosides, deoxythymidine and deoxycytidine. For the isolated bases, we carried out calculations both with and without the inclusion of polarization effects. For the nucleosides, we neglect polarization effects but estimate their influence on resonance positions by comparison with the results for the corresponding bases.
for C were obtained in a large basis set intended to capture some of the effects of long-range collisions mediated by the dipole potential. This set comprised the "triple zeta valence" (TZV) basis of Dunning [51] together with a 3d set of polarization functions (from which the x 2 + y 2 + z 2 combination was excluded), a 2p polarization set on the hydrogens, a diffuse supplement at the positive end of the molecule, and a set of s-type Gaussians distributed on a cubic grid. GAMESS default exponents and splitting factors were used for the polarization functions, while the the diffuse supplement and s grid were the same as previously used for U [40] , with the center for the diffuse functions shifted to an appropriate location for C.
This basis contained 803 contracted Gaussian functions. Final SE results for T were obtained in a smaller basis set, consisting of the "double zeta valence" (DZV) of Dunning [54] together with a standard supplement of diffuse and polarization functions: 1s1p2d on the heavy atoms and 1s1p on the hydrogens, again using the default exponents and d splitting factor of GAMESS [47] .
For the A ′′ symmetry of C and T, we carried out SEP calculations in order to obtain more accurate π * resonance energies. For C, we performed SEP calculations in the same three basis sets as used in earlier work on U [40] . The smallest, Basis A, is the 6-311G++(d, p)
basis set as defined in GAMESS [47] , with default exponents for the diffuse and polarization functions and with the x 2 + y 2 + z 2 combination of d functions excluded. Basis B is formed by supplementing Basis A with diffuse s and p Gaussians located both at the ring center and at the positive end of the molecule. Basis C consists of the TZV(2d, p) basis set of GAMESS, with default exponents and splitting factors for the polarization functions and the "3s" combination of d orbitals excluded, together with distributed s Gaussians and a set of diffuse functions at the positive end of the molecule. The centers on which supplementary functions were placed were shifted appropriately to take into account the differences in structure and dipole moment direction between cytosine and uracil. For T, we performed A ′′ SEP calculations in Bases A and B.
The closed-channel configuration state functions (CSFs) included in the A ′′ SEP calculations were chosen to describe relaxation of the target molecule's electron density in the presence of an electron trapped in one of the π * orbitals. An electron was placed in any of the three lowest-energy a ′′ modified virtual orbitals (MVOs) [52] formed for a +6 cationic Fock operator, and all symmetry-preserving singlet-coupled single excitations from the valence occupied orbitals into any of the virtual orbitals were allowed. This procedure results in configuration spaces of manageable size (∼ 10 4 CSFs) and has proven effective in capturing resonant polarization in past work [53] , but its success depends, of course, on whether the underlying assumption that orbital relaxation is the only significant polarization effect is correct. We will return to this point in Sec. IV.
For the larger molecules, dC and dT, we carried out only SE calculations, for which we used the same DZV plus 1s1p2d basis set as in the SE calculations on T, henceforth referred to as Basis D. In a prior study of purine bases and nucleosides [41] , we found that this basis set gave well-converged SE cross sections in the energy range where the π * resonances occur, although it does not capture dipolar-scattering effects that are important at the very lowest energies.
The forward differential cross sections will be strongly influenced by the long-range interaction between the projectile electron and the static electric dipole moments of the molecules considered here, an effect that is not fully captured in our calculations (though the SE calculations in large basis sets do capture it partially). Procedures exist [56] for correcting calculated scattering amplitudes to account for such long-range interactions; however, they are not expected to affect the π * resonance energies significantly, and we have omitted such corrections in obtaining the present results. 
B. Thymine
Our SE results for the ICS of T are presented inf Fig. 4 . The results obtained in Bases A and D are very similar. Because neither basis set includes an extensive supplement of diffuse and distributed Gaussians, the cross section does not show as much enhancement at very low energies as we saw in the large-basis results for C. However, as seen in Fig. 2 , the behavior of the cross section at higher energies, including the π * resonance positions, was scarcely affected by use of an extended basis set. SEP results for T are shown in Fig. 5 . Once again, as for U [40] and C (Fig. 3) , the cross Accordingly, Burrow and coworkers [27] have suggested that the (T−H) − anions observed by Abdoul-Carime and coworkers [32] arise not from DA to dT itself but from DA to T produced by inadvertent thermolysis of dT. Further investigation of electron interactions with the nucleosides is clearly warranted.
IV. SUMMARY
We have reported cross sections for elastic electron scattering by cytosine, thymine, 2 ′ -deoxycytidine, and 2 ′ -deoxythymidine. Our best (SEP) values for the energies of the π * shape resonances in C and T are reasonably close to, and therefore supportive of, the posi-tions that have been assigned based on electron transmission measurements, and lower than those obtained in previous calculations. The disagreement between our SEP results and experiment is largest for the third π * resonance, indicating that our description of polarization effects in the case of this resonance is less satisfactory than it is for the two lower-energy resonances. The explanation for this discrepancy appears to lie in the mixing of the third resonance with core-excited resonances built on one or more of the low-lying triplet states, as we recently described elsewhere [59] . In future work on the DNA and RNA bases, we hope to account more completely for such channel mixing.
The cross sections for the pyrimidine nucleosides exhibit the same pattern that we previously observed [41] for the purines: a strong qualitative similarity to the cross section for the corresponding nucleobase, but with a slight destabilization of the low-energy π * resonances.
We did not observe any further shift in resonance positions on going from the nucleoside to the 5' nucleotide in the case of deoxyadenosine monophosphate, and it is therefore likely that there will be little if any such shift in the pyrimidine case. These results are thus a first step toward estimating resonance positions in DNA itself, though effects of solvation, base pairing, and base stacking, which we have not yet considered, may prove significant. 
